[1] The structure of the subtropical South Indian Ocean Countercurrent (SICC) is revealed by altimeter-derived absolute geostrophic surface velocities. It is a narrow, eastward-flowing current between 22°and 26°S confined to planetary wave trains which propagate westward through the Indian Ocean. Multi-year averaging identifies it as a well-defined current between Madagascar and 80°E, continuing with lower intensity between 90°and 100°E. It virtually coincides with the northern limit of Subtropical Underwater subduction. Geostrophic currents from hydrographic sections closely correspond to these surface patterns. Volume transports of the countercurrent down to 800 dbar are of order (10 7 m 3 s
À1
). Evidence is provided for a narrow branch of the South Equatorial Current (SEC) approaching Madagascar near 18°S and feeding the southern East Madagascar Current (EMC) which appears to continue westward around the southern tip of Madagascar. It then partially retroflects and nourishes the SICC. Citation: Siedler, G., M. Rouault, and J. R. E.
Introduction
[2] Broad zonal bands of high current variability in the western regions of subtropical gyres have been related to eastward currents in the North Atlantic [e.g., Rossby et al., 1983] , the North Pacific [Wyrtki, 1975; Aoki and Imawaki, 1996; Qiu, 1999] and in the South Pacific Ocean [Merle et al., 1969; Qiu and Chen, 2004] . Wide eastward surface geostrophic flows in the South Indian Ocean were also displayed in the mean surface topographies by Wyrtki [1971] , Reid [2003] , Rio and Hernandez [2004] , and O'Connor et al. [2005] . However, the eastward geostrophic flow in the South Indian Ocean was only recently perceived as a distinct and shallow countercurrent [Palastanga et al., 2006] . New data sets based on the mean topography of Rio and Hernandez [2004] and sea level anomalies now permit study of the detailed structure of the countercurrent both in space and time, and a search for the possible origin of the flow. Combining the results with hydrographic sections provides new knowledge on its deeper vertical structure and typical transports. We will use the name South Indian Ocean Countercurrent (SICC) henceforth which was suggested by Palastanga et al. [2006] .
Method and Data
[3] The new method of combining altimetry, in situ observations and an improved geoid model by Rio and Hernandez [2004] provides an improved mean absolute dynamic topography of the global ocean. They applied an iterative process by first subtracting an available geoid from satellite mean sea surface height (SSH), then merging with the World Ocean Data Base 1998 climatology [Levitus et al., 2001 ] to provide shorter spatial scales, and finally combining in situ measurements with altimetric data. The in situ data include drifter velocities [Niiler et al., 1995; Hansen and Poulain, 1996] and XBT and CTD casts from a 1993-2000 data set which possibly includes some of the data already used by Levitus. Error estimates for mean geostrophic velocities resulting from this method are below 10 cm/s at middle and low latitudes. The data are therefore suitable for studying strong currents in subtropical regions.
[4] The data set developed here to characterize the midlatitude South Indian Ocean is based on absolute geostrophic currents resulting from the sum of the mean dynamic topography (scale 660 km) and sea level anomaly (scale 1/3°or about 35 km) from August 2001 to May 2006 (www.aviso.oceanobs.com). The resolution both in space and in time is higher than in any large-scale in situ observational data set.
Planetary Waves, Eddies, and the Countercurrent
[5] As reviewed by Stramma and Lutjeharms [1997] , the overall upper-layer circulation in the region of study is dominated by the counterclockwise South Indian subtropical gyre. Transport patterns include anticyclonic flow centered in the western Indian Ocean, with mostly westward transports at mid-latitudes between about 15°S and 35°S. It is also well known that long westward-propagating planetary waves can be found in altimetric data [e.g., Chelton and Schlax, 1996; Killworth et al., 1997] and that such waves also exist at mid-latitudes in the southern Indian Ocean. About 4 -5 westward propagating events per year were noted in this region [Schouten et al., 2002] , and it was shown by Morrow [2001, 2003] that the signals at these latitudes represent approximately semi-annual free Rossby waves originating from the boundary region off West Australia.
[6] When inspecting the current structure at subtropical latitudes, we noted a well-defined zonal band of high mesoscale variability in the latitude range between about With the high resolution of the absolute geostrophic current field, one is now able to identify the current structure within the wave trains. The result is a predominantly eastward narrow geostrophic surface current which is guided within the westward propagating Rossby wave structure. The typical widths of the eastward flow in the short-time means are between about 50 and 100 km, mostly within the 22-26°S latitude belt and with speeds reaching beyond 0.5 m/s. However, depending on the phase of the planetary waves, weaker westward flow can also be observed.
[7] The mean over the total period of five years is presented in Figure 1c . In much of the latitude belt 22-26°S, the mean velocities are above 10 cm/s and therefore significant within the error limits of the data set. A continuous mean zonal countercurrent to the east is identified, with a width of about 100 -200 km. It is particularly strong between the region off Madagascar and about 80°E where the signal weakens and spreads, becoming well-established again between about 90°E and 100°E. When checking the sequence of events in the data set (see material Animations S1 and S2 1 ), a related pattern emerges. Particularly strong eddy and wave formation is recognized in a broad latitude range off West Australia, the suggested region of planetary wave generation [Birol and Morrow, 2003] . One finds waves and occasional eddies emanating from this region. The eddies with diameters of 200 -300 km appear to be generated off southwestern Australia, travel westward and approach the eastward current belt from the south between 90°S and 80°S. Having grown to wave scale, they become part of the wave structure. This process may be the reason for the lack of a narrow zonal current in this longitude range.
Volume Transports
[8] We used the high-resolution meridional WOCE (World Ocean Circulation Experiment) hydrographic sections from 1995 (see Figure 1c) to study the deeper geostrophic current and volume transport structure in the SICC region. The details about how the geostrophic velocity sections were referenced are contained in the auxiliary material. In each section of Figure 2 eastward flow is recognized at latitudes between 23.5°-26°S. When comparing the positions of these cores with geostrophic surface current patterns estimated from Aviso sea level anomalies (DT-MSLA Merged) within a few days of the WOCE observations (not shown), we found excellent correspondence. Although the main flow exists between the surface and 200 dbar as determined in earlier studies, the eastward currents found here in part reach down to 800 dbar or deeper. At 54°E we find two eastward flow cores between 23.5°S and 26°S, with westward flow in between, representing the eastward countercurrent and an anticyclonic eddy south of it. Only a weaker eastward flow core can be identified at 80°E which is the longitude where the eastward flow in Figure 1c smoothing effect due to station distances of about 50 km, the velocities from hydrographic data are somewhat lower than those from the satellite data. The overall transport estimates are not sensitive to station spacing. Since the sections suggest some eastward flow even below 800 dbar, the transport numbers may be on the low side. In a study of transports in the whole water column at 54°E, Donohue and Toole [2003] analyzed the same data and also displayed a deep-reaching current band between about 24 -25°S with transports of similar size in the upper ocean.
[9] What causes the meridional density gradients which are a prerequisite for the front with a geostrophic countercurrent? The wind stress fields of the southeasterly trades in the north and the westerlies in the south push light water southwestward and heavier water northward. The transition in zonal wind direction occurs near 30°S [see Kallberg et al., 2005] thus generating a subtropical convergence. Surface buoyancy fluxes due to large evaporation minus precipitation in combination with heat flux produces dense water in the eastern South Indian Ocean [e.g., Schott et al., 2002] . The region of maximum surface salinity is found between approximately 25°S and 35°S [Wyrtki, 1971; Toole and Warren, 1993; O'Connor et al., 2005; Nauw et al., 2006] . The SICC and its related density front coincides with the northern boundary of the maximum surface salinity area and also with the northern boundary of the Subtropical Underwater subduction area [Karstensen and Quadfasel, 2002; O'Connor et al., 2005] . We note that one also finds the northern boundary of Subtropical Mode Water formation [Hanawa and Talley, 2001] in that region.
[10] Both Ekman transport convergence and surface buoyancy fluxes apparently contribute to generating the SICC related frontal zone. It is not certain at this point which forcing dominates although regional correspondence of salinity pattern and SICC position would seem to suggest a dominating forcing by buoyancy effects in the central and eastern parts of the region. Understanding the processes which control the transition between the western boundary and the central region will require model studies.
Origin of the Countercurrent
[11] The results also address the question on the nature of the termination of the southern limb of the East Madagascar Current (EMC). This has variously been described as a complete retroflection [Lutjeharms, 1988] based on thermal infrared imagery and drifter tracks, and as a free westward jet generating vortex dipoles [de Ruijter et al., 2004] once it overshoots the southern tip of Madagascar. The lack of an eastward current was a critical argument against the existence of a retroflection [Quartly et al., 2006] . Westward drifting circulation disturbances passing through the region, considered to be eddies, complicate this picture [Gründlingh et al., 1991; Donohue and Toole, 2003] . The prevalence of eddies is indeed supported by an animation of events in the region (see auxiliary material). However, when averaging of the altimetric signal is carried out over periods much longer than typical eddy scales, a flow pattern emerges with water from a retroflection of the southern branch of the EMC connected to the subtropical countercurrent. Another part is seen to move directly westward (see Figure 1c) .
[12] The EMC has its origin in a branch of the SEC, arriving at the northeastern slope of Madagascar [Schott et al., 1988] . The long-term mean in Figure 1c shows that branch separation already occurs near 60°E and 18°S above the Mascarene Ridge and that a narrow flow band reaches the Madagascar slope and turns south. The mooring data at 23°S by Schott et al. [1988] documented southward transports of about 13 and 20 Sv between the surface and 750 m along the Madagascar slope to the south. We also note that the southward transport near Madagascar at 20°S and also the eastward transport near 24-25°S given by Donohue and Toole [2003, Figure 20 ] have magnitudes of more than 10 Sv. The altimeter data are not accurate enough near the coastline (the white area in Figure 1c ) to describe the EMC itself. Earlier work, however, has shown it to be a narrow current near the Madagascar slope in that area, with a typical width of 100-200 km [Schott et al., 1988; Donohue and Toole, 2003] . Its turning towards the west in the south of , the EMC can well be followed southward along the east coast and around the southern tip of Madagascar to the west. The model is based on the Geophysical Fluid Dynamics Laboratory MOM 2.b code and assimilates in situ and satellite altimeter data. In all probability the westward flow south of Madagascar seen in Figure 1c therefore represents the continuation of the EMC which partially retroflects and leads into the SICC. The above transport magnitudes mean that the EMC transports would be sufficiently large to provide the source water for the countercurrent. We checked WOCE temperature/salinity diagrams in the core regions of the SEC branch, the EMC and the western SICC (not shown). The curves are variable in the SEC, and the envelopes of distributions correspond and are tight in the EMC and SICC between 150 and 800 dbar, supporting the conclusion that the flows are related.
[13] Palastanga et al. [2006] described an anticyclonic cell between Madagascar and about 75°E, bounded by the SEC in the north and the SICC in the south. In Figure 1c there is only a hint of a northward flow between 70°and 75°c losing such a cell in the east.
Conclusions
[14] With its rather large transport of O(10 Sv) the SICC is an essential component of the near-surface subtropical circulation in the South Indian Ocean. The core of the zonal countercurrent extends to about 800 m. This is similar to the subtropical countercurrent in the North Atlantic where persistent eastward flow was observed at 700 m [Rossby et al., 1983] and the transport was estimated at about 10 Sv [Schmitz, 1996] . In the Pacific, however, the current cores were found at shallower depths, above about 250 m [Qiu, 1999; Qiu and Chen, 2004] .
[15] The present study shows evidence for a narrow SICC being embedded in a planetary wave and eddy flow pattern. The source region for a considerable part of the variability was earlier found in the southwest of Australia. In addition, baroclinic instability can be expected to play a role in the more central parts of the subtropical South Indian Ocean. Potential vorticity distributions at approximately 250 m and 500 m [McCarthy and Talley, 1999] show a change of sign in the region to the north, between the SICC and the SEC, corresponding to the necessary condition for baroclinic instability [e.g., Kantha and Clayson, 2000] .
[16] Based on a 5-year mean we show that the EMC is fed by a well-defined branch of the SEC. At the southern termination of the EMC there is evidence for both the EMC retroflecting and thus feeding the SICC and for moving directly westward. The energetic eddy pattern makes it difficult to recognize a possible dominance of westward jet or eastward retroflection during shorter periods. The countercurrent advects water to the subtropical underwater subduction region, probably influencing the composition of water masses in the subduction process. The dynamics of the frontal zone and the corresponding countercurrent generation remain to be clarified although it can be imagined that surface buoyancy fluxes dominate the wind stress influence.
[17] Zonal jets like the SICC appear to be common features of the subtropical circulation. The global maps of Maximenko et al. [2005] obtained from Aviso 10-year anomalies indicate subtropical bands with predominantly eastward, but also with some westward current components in the North and South Pacific and the South Indian Ocean, and somewhat further poleward at 35°S in the South Atlantic Ocean. Zonal flow bands may well be a more important feature of the general subtropical circulation than was usually assumed.
